Abstract: Aqueous two-phase extraction has been effectively used for the separation and purification of several biological molecules. The main advantages of aqueous two-phase extraction are biocompatibility, scope for continuous operation, process integration and ease of scale up. In downstream processing, aqueous two-phase extraction has found its applications in extraction, purification and concentration of various biomolecules. In this review, some of the applications of aqueous two-phase systemsemployed in downstream processing besides some basic aspects and a few case studies are presented. Some of the recent developments with regard to aqueous two-phase extraction are reviewed and the future prospects are also briefly discussed.
INTRODUCTION
Downstream processing (DSP), which involes extraction, purification and concentration of target solute, is an integral part of any biological product development and the final cost depends largely on the cost incurred for its recovery. The problems during scale-up are considerable using conventional methods which are expensive at a large scale, making them uneconomical unless the product is of high value [1, 2] . Purification techniques that are to be used in downstream processing of biological materials should be sensitive enough to maintain the biological activity along with commercial feasibility. A series of unit operations are required for the downstream processing of biomolecules to achieve the desired degree of purification. It is mandatory to consider energy, man power, good manufacturing practices, processing time, recycling of chemicals, sterilization and cleaning-inplace (CIP) of equipment apart from separation efficiency to develop a large scale isolation procedure [1, [3] [4] [5] . Thus, there is a need to develop simple and efficient method for the recovery of biomolecules with flexibility for continuous operation and commercial feasibility. Liquid-liquid extraction employing aqueous two-pahe systems (ATPSs) is one such downstream processing method, popularly known as aqueous biphasic or aqueous two-phase extraction (ATPE), which is environmentally benign as well.
AQUEOUS TWO-PHASE EXTRACTION
Generally conventional liquid-liquid extraction involves one aqueous and one organic phases. However, in ATPE both phases are aqueous in nature. It has successfully overcome the drawbacks of conventional liquid-liquid extraction *Address correspondence to this author at the Department of Studies in Biotechnology, University of Mysore, Manasagangothri, Mysore-570 006, India; Tel: 09916266315; E-mail: mcmsudhan@gmail.com processes such as limited solubility and denaturation problem of biomolecules in organic solvents. The selection of suitable ATPS is one of the important steps in ATPE before the optimization of appropriate process parameters /conditions so as to give the required partitioning of the many biomolecules (cells, bacteria, protein/enzymes etc.). The objective is to differentially partition the product and the contaminants/debris into opposite phases. Further, the desired/required degree of purity of the product can be achieved in subsequent partitioning steps. In all of these extraction procedures, to achieve the desired degree of purification without losing much of the quantitative yield attention should be paid to the factors such as partition coefficient of the target enzyme/protein, contaminants and volume ratio of the system employed while standardizing the system conditions.
ATPE has been successfully carried out for the simultaneous concentration (in many cases the biomolecules are in very dilute concentrations makes it very difficult to recover) and purification during the extraction at optimised conditions (provided it is designed in such a way that most of the target solute is partitioned to a phase with a smaller volume compared to the original solution) [6] . A single or multiple extraction steps may be applied depending on the purification required. The other importances of the ATPE are low process time and energy [7] . system. A model phase diagram is shown in (Fig. 1) . Construction of the phase diagrams for various systems are discussed in detail in the literature [8] [9] [10] [11] [12] . PEG/salt biphasic systems which have added advantages than PEG/polymer systems such as low in viscosity and cheaper. Recently, many new phase systems comprising of alcohol (Poly ethylene glycol-Poly vinyl alcohol, Ethanol-phosphate etc.), detergent (Agrimul NRE 1205, Triton X114, CTAB etc.) and ionic liquids (Imidazolium halide) are reported for the recovery of many bioactive compounds (such as Endoglucanase I, core-hydrophobin I from Trichoderma reesei, Lactate dehydrogenase (LDH) extracted from porcine muscle, Endopolygalacturonase (endo-PG) from Kluyveromyces marxianus etc.) [5, 13] . 
FACTORS AFFECTING THE FORMATION OF THE PHASE SYSTEMS
There are various factors infuences the formation of ATPSs such as concentration of phase forming polymer as well as salt, polymer molecular weight, temperature, hydrophobicity, salt and pH [6, 11] . The addition of neutral salts (univalent or multivalent) and their concentrations are also significantly affectes the phase systems and their details were discussed else where. [6, 8, 9, 11] .
The physical properties of ATPSs such as viscosity, density, and interfacial tension contributes to the phase demixing and indirectly inluences to the partitioning behaviour of the biomolecule in a given extraction [5, 11, 14] . Hence, the detailed study of physical properties of the aqueous twophase systems and their reporting is very much essential to design a system to achieve the desired partitioning using ATPE.
FACTORS AFFECTING THE PARTITIONING OF BIOMOLECULES
There are many process parameters such as concentration and size of biomolecules, choice of polymers and their molecular weight, composition of the phases, biomaterial surface properties, system pH, temperature, etc. that influence the partitioning behaviour of biomolecules in a given ATPSs and their details were discussed else where. The overall effect of these parameters was explained in terms of relative free volume [6, 8, 9, 11, 15, 16] .
The modifications of the phase components such as covalent bonding of hydrophobic derivatives, charged species and affinity ligands (biospecific), have considerable impact on partitioning behaviour of enzymes/proteins in ATPSs [3, 17, 18] .
EXTRACTION OF BIOMOLECULES
A large number of applications along with thermodynamic properties of phase systems are reported in the literature [1, 2, 6, 9, 11, 14, 30] . Furthermore, ATPE has finds its application as an energy efficient and a mild separation method for product recovery in biotechnology. In some cases, the required purification and concentration of the desired product has been carried out employing ATPE even in a single step. In others, it has achieved in multiple steps. However, ATPE reduces the volume of the crude extract after partial purification before employing more selective and expensive purification methods employed for achieving final purification [2, 6, 9, 11, 14] .
The basis for the partitioning of target biomolecule in the ATPE is the differential distribution of target biomolecule and impurities between the opposite phases. The partitioning of small molecules is even in both the phases and that of macromolecules is bit variable, whereas the partitioning of suspended materials being fairely sinngle sided. The distribution of biomolecules is offered by various factors related to the system properties and the partitioning biomolecule as well as the interaction between the two. Hence, the prediction of partitioning becomes a difficult task especially for the large molecules. The net charge on the biomolecule is the key factor in the partitioning of proteins/enzymes in ATPE and the water interaction with components of phase forming (polymers and salts) and molecules (proteins/enzymes) play a major role in partitioning. The selective partitioning of biomolecules can be made by changing the system properties to make a particular kind of interaction predominant. The factors multiplicity mainly contributes to partitioning which make ATPE extremly versatile, in compare to the conventional separation methods such as centrifugation, electrophoresis etc., which allows the partitioning of solutes or particules differing very faintly from each other. Thus, fractionation by partitioning in ATPE may often be used as an alternative to other procedures for separation [3, 9, 11] .
General processing protocol for recovery of biomolecules involves a number of steps such as filtration, centrifugation, precipitation, chromatography, electrophoretic techniques, crystallization etc. causing loss of yield at each step, there by affecting adversely the overall productivity of several products at large scale, including recombinant products. ATPE has been employed as an alternative. A wealth of information has been reported in the literature in the past three decades on various aspects of ATPE for the large scale isolation of many biomolecules [9, 11] . The versatility of ATPE for the purification has been proved through the wide range of the products and a few examples are summarized in (Table  1) . 
EXTRACTION OF RECOMBINANT PROTEINS /ANTIBODIES
ATPE has the shown potential to integrate isolation, initial purification and concentration process into a single step, to become a highly selective, economical alternative for protein purification for biopharmaceutical applications in largescale. The downstream processing of monoclonal antibodies (mAbs) includes clarification, concentration and selective purification steps. Several ATPSs comprising of polymer/salt and polymer/polymer systems have been successfully employed and optimized for the purification of human antibodies from different complex cell culture media [36] [37] [38] [39] [40] .
ATPE was used for the succussful purification of intracellular human recombinant interferon a1(rhIFN-a1) [41] . Datar (1986) [42] purified the human growth hormone (hGH) from recombinant E. coli. Harris et al., (1997) [43] purified the pharmaceutical protein human a1-Antitrypsin (AAT) with PEG-sulphate and PEG-phosphate two-phase systems from transgenic sheep milk. Andrews et al., (2000) [44] carried out affinity electrophoresis employing various triazine dyes for sheep milk proteins, including transgenically-introduced human a1-antitrypsin.
ATPE was employed as an substitute for the separation of an acidic recombinant protein, -glucuronidase (rGUS) from transgenic tobacco. Studies showed that the partitioning of native tobacco proteins and GUS were significantly affected by PEG concentration and ionic strength of the system [45] . The extraction of human immunoglobulin G (IgG) from a Chinese hamster ovary (CHO) was investigated by [46] . Similar study was also reported by Wu et al., (2013) [47] employing polyethylene glycol (PEG) and hydroxypropyl starch (HPS) for the extraction of human immunoglobulin G (IgG) from human serum albumin (HSA). The total purification factor was 5.73 with the yield of 84%.
The purification of anti-HIV monoclonal antibodies namely, 2G12 (mAb 2G12) and 4E10 (mAb 4E10) from unclarified transgenic tobacco crude extract was reported. The conditions were optimised to facilitate differential partitioning of plant debris and mAb to obtain high recovery and purification employing PEG/salt systems [48] . In a recent study, ATPE was employed to purify hepatitis B core antigen (HBcAg) from unclarified Escherichia coli feedstock and the antigenicity was observed to be still preserved and comparable to those purified using sucrose gradient ultracentrifugation [49] . ATPE was used for the clarification and partial purification of monoclonal antibodies anti-CD3 produced in hybridoma cells in a single step [50] . Continuous counter current aqueous two-phase extraction of human immunoglobulin G (IgG) from a CHO cell supernatant enriched with pure protein was successfully carried out in a pilot scale packed differential contactor [51] .
EXTRACTION OF COLORANTS
The use of natural colorants has been increasing consumer awareness due to the toxicological effects associated with synthetic colours. Some of the mainly used natural colorants such as betalains, chloro -phycocyanin, carmine etc. were successfully purified using ATPE employing PEG/salts [52] [53] [54] [55] [56] . ATPE was employed for the purification and concentration of betalains while studying the effect of process parameters on partitioning of betalains. Differential partitioning of betalains and sugars was successfully achieved in ATPE employing PEG 6000/ammonium sulfate at 34% tie line, wherein 70-75% of betalains partitioned to the top phase and 80-90% of sugars to the bottom phase, thus purifying the betalains [55] . ATPE was employed as nonchromatographic alternate method, for the extraction and purification of chloro-phycocyanin from Spirulina platensis [52, 57] .
Some of these natural colours are mixtures of closely related components. For instance, phycocyanin is a mixture of chloro -phycocyanin and allo-phycocyanin and betalains contain betaxanthin and betacyanin. When these colours are fractionated to their sub-components, significant value addition occurs. However, fractionation of these closely related components are extremely difficult often necessitating a multistage procedure. Even in such situations, aqueous two phase extraction was observed to achieve the fractionation of these closely related components very effectively [53, 54] . The feasibility of ATPE for the separation of synthetic dyes was also demonstrated [58] .
Conventional methods for downstream processing of anthocyanins involve several techniques such as chromatography, electrophoresis and thermal evaporation. However, in such chromatography and electrophoresis techniques, scale up poses problems making it uneconomical on the large scale unless the product is of high value. Thermal evaporation affects the colour of the product. Aqueous two phase extraction was demonstrated for the purification of anthocyanins from different sources achieving a product of high purity. The extraction and purification of anthocyanins from mulberry was reported employing ethanol/salt two phase systems. Multistage extractions were carried out to remove the free sugars from the anthocyanin pigments [59] . Similarly extraction and preliminary purification of anthocyanin from grape juice was reported by the same group [60] . ATPE for the extraction of anthocyanins from purple sweet potatoes using response surface methodology was reported by [61] . The anthocyanin yield of 90.02% and partition coefficient of 19.62 were obtained under the optimised conditions of 45:1 (mL:g) liquid-solid ratio, 25% (w/w) ethanol, 22% (w/w) ammonium sulphate concentration and pH 3.3 [61] .
EXTRACTION OF FLAVANOIDS/ALKALOIDS
Complete extraction of archetypal alkaloids has been successfully carried out using Ionic liquid -based aqueous two phase systems. This new approach can minimise the use of volatile organic solvents, replacing them with relatively small amounts of (recyclable) ionic liquid solvents in a second aqueous phase [66] . Similarly, ATPS comprising of 1-Butyl-3-methylimidazolium tetrafluoroborate and trisodium citrate dihydrate were used for the extraction of six sulfonamides in milk samples and the recoveries of these compounds were in the range of 72-108% [67] . Extraction and enrichment of genistein and apigenin from pigeon pea roots was carried out employing ethanol/salt aqueous two-phase systems and recoveries obtained were 93.8% and 94%, respectively [68] .
Similarly, extraction and purification of flavones from honeysuckle were reported by employing ATPS comprising of ethanol/NaH 2 PO 4 . Effect of salt concentration, ethanol concentration and pH on partitioning behaviour of flavones was studied. At optimised conditions, 98% of the flavones were obtained in the top phase. The purity of flavones was enhanced from 8.86 to 22.88% by a two-step extraction, and further improved to 48.73% using a simple ethanol treatment. The obtained purity was 4 times higher than that obtained by the 70% ethanol (v/v) extraction [69] .
RECOVERY OF NANOPARTICLULATES
ATPE has also been successfully employed for the recovery of nanoparticulates (20-200 nm) such as viruses, plasmids, inclusion bodies, viral gene therapy vectors (retroviruses, adenoviruses and artificial protein particles) and other virus-like particles [6, [70] [71] [72] [73] [74] .
Aqueous two-phase systems were proven to be suitable for purifying extracellular viruses from large culture volumes and for labile viruses which might otherwise have denatured in conventional density gradient centrifugation or ultracentrifugation procedures [70] . Depending on the system parameters, a large proportion of viruses partitioned to the interface [74] and this behaviour was exploited as interfacial partitioning for the recovery of viruses. ATPSs were also used for synthesis and recovery of radioactive gold nanoparticles 198 (Au III) [75] . The selectivity in the extraction of proteins employing ATPSs was reported to increase with the application of nanoparticles and nanoparticle conjugates [75] [76] [77] [78] [79] [80] . PEG/dextran aqueous two-phase systems were employed to study the effect of bioconjugation to colloidal Au nanoparticles on protein partitioning. Horseradish peroxidase was conjugated to colloidal Au nanoparticles by direct adsorption to enhance the selectivity in the partitioning of [78, 81] .
A recent study demonstrated the potential of incorporation of nanoparticles in ATPSs to favourably alter the partitioning behaviour of invertase in PEG 3350/dextran T70 and PEG 3350/magnesium sulphate systems by the addition of gold nanoparticles (2 %, w/w). It was found that the purification (6-9 fold) and enzyme activity recovery (70-92 %) in the bottom phase to increase [82] .
EXTRACTION OF STEM CELLS
Even though ATPE has been mainly used for the recovery and purification of biomolecules, immunoaffinity ATPE has the potential for processing large quantities of cell mixtures for the isolation of a specific target stem cell population. ATPE was effectively employed to obtain the desired purity and recovery of CD133 + cells required for further studies. Immunoaffinity ATPE was reported to be a relatively inexpensive approach when compared to currently existing affinity-based purification technology and hence can meet the future needs in the field of stem cell therapy [83] .
MISCELLANEOUS APPLICATIONS OF AQUEOUS TWO-PHASE EXTRACTION
Some of the miscellaneous applications of ATPE such as recovery of metal ions, environmental applications are discussed below.
Recovery of Metal Ions
ATPE was also used for recovery of many metal ions from a mixture. The recovery of gold (III) from electronic wastes was reported using ATPSs [62] . Another study re-ports the differential partitioning of Cu (II) from a leached ore concentrate to one phase (top) and other metal ions to the opposite phase [63] . Further, ATPE was used to be an efficient method in selective extraction of metal ions such as Co(II), Fe(III), Hg(II) and Cd(II) ions etc from prepared work solutions [64, 65] .
Environmental Applications
A simple and efficient method for the separation and purification employing ATPE comprising of PEG/Na 2 CO 3 was demonstrated for selective separation of brilliant blue FCF from spiked samples of food and water [84] Recently, ATPE was also used for the recovery of valuable biomolecules from waste water from food, pharmaceutical, tannery, dairy, fish and poultry industries before discharging to environment [85, 86] . ATPE also helps in the removal of textile dyes from waste water [87, 88] .
RECENT ADVANCES IN AQUEOUS TWO-PHASE EXTRACTION
Some of the recent advances in ATPE like Affinity partioning (AP), extractive fermentation/bioconversion and process integration are discussed below.
Affinity Partitioning
Affinity partitioning (AP) in ATPSs is mainly on the biospecific/preferential interaction between the affinity polymer derivative and molecule. The biomolecule-polymer derivative complex can be selectively partitions to one of the phases and leaving the contaminating substances or proteins in the other phase due to the biospeicific interaction. AP is generally studied out in polymer/polymer type ATPSs mainly because of the interference of high salt concentrations with the biospecific interactions, [1, 3, 18] . Only a few reports are accessible on AP in polymer/salt type systems [18] . AP is generally influenced by th factors such as pH, concentration and molecular weight of polymers, temperature, salt type and concentration, the ligand concentration and its binding characteristics etc [31] [32] [33] . Reports are available wherein derivatives of PEG such as PEG-palmitate (PEG-pal), PEG-phosphate (PEG-PO4), [PEG-benzoate (PEG-Bz)], PEG-trimethylamine (PEG-tma) and PEGphenylacetamide (PEG-paa) were used for affinity partitioning of glucose isomerase and penicillinacylase [34, 35] .
Extractive Fermentation/bioconversion
Application of ATPE for extractive fermentation is an effective approach to overcome product inhibition problems in conventional fermentation process. Through a suitable design of the ATPSs, it is possible to obtain the product in a cell-free stream. ATPE using for Extractive fermentation for the recovery of different protein products resulted in an enhanced productivity [41, 89, 90] .
It was demonstrated that integration of a downstream processing step and bioconversion not only enhances the productivity of the bioprocesses but also provides the opportunity of carrying out the bioconversion in a continuous mode [91] . This approach can make certain existing bioprocesses (such as production of proteases, -amylases etc.) economically viable by improving their production. An interesting feature of this approach is simultaneous production and purification of a bio-product production by the application of microorganisms or enzymes.
A few examples of extraction and purification for the production of some enzymes/biomolecules such as serine proteinase, Penicillin G, -galactosidases, -amylases, endoglucanase, cellulase, glyceraldehyde 3-phosphate dehydrogenase and proteases from different sources by extractive bioconversion were shown with better yield and purification [92] [93] [94] [95] [96] [97] [98] [99] .
Process Integration
Process integration is one of the most effecient ways to increase the overall productivity of the process. In recent years, researchers in the area of downstream processing are faced with a strong demand for intensification and integration of process steps to increase yield, to reduce process time thereby making the process more economical [100] . Process integration can be achieved in two ways, namely interintegration and intra-integration. In inter-integration two or more processing steps are integrated sequentially to improve the overall productivity. In intra-integration tasks of the multiple unit operations are achieved in a single processing step of ATPE. This is more effective in increasing the productivity while achieving the specific goals without the loss of yield observed in individual processes, offers considerable potential benefits for the recovery and purification of biological products [101, 102] . Narayan et al., (2007) [103] has successfully demonstrated the intra-integration through ATPE for the downstream processing of phycocyanin. The slurry containing broken cell debris of Spirulina platensis was directly subjected to aqueous two phase extraction. The cell debris partitioned to the bottom phase achieving solid separation (without filtration or centrifugation), phycocyanin partitioned to the top phase (extraction), impurities partitioned to the bottom phase (purification) and finally obtaining phycocyanin in a smaller volume of top phase in a concentrated form by manipulating the volume ratio (concentration step without evaporation or even membrane processing). Thus multiple operations could be successfully performed in a single processing step of aqueous two phase extraction [103, 104] .
Rito-Palomares and Lyddiatt (2002), [98] reported the integration of cell disruption and aqueous two-phase systems for the recovery and purification of intracellular proteins. A few research articles were available on integration of ATPE with membrane processes for the purification and concentration of various biomolecules [105, 106] . Very recently a twostep process combining aqueous two-phase extraction with chromatography was developed for extraction and purification of alliin from garlic powder. The yield obtained was higher (20.4 mg/g) compared to the conventional extraction method (Ultrasonic extraction, 15.0 mg/g) [107] . A successful integration of affinity ATPE with cation exchange chromatography for the purification of human antibodies from a CHO cell supernatant was reported by [108] . This process resulted in the recovery of the antibodies with a total purity of 91% and about 100% protein purity and allows an overall yield of 75%. Similarly, an integrated process comprising ATPE follwed by hydrophobic interaction chromatography (HIC) and size-exclusion chromatography (SEC) for the purification of human immunoglobulin G (IgG) from a CHO cell supernatant was reported from the same group [109] .
EQUIPMENT USED FOR AQUEOUS TWO-PHASE EXTRACTION
Transport phenomena (mass, momentum and heat transfers as well as their interaction with each other) play a most important role in the efficient design of extraction equipment. Mechanical agitated contactors and column contactors such as spray columns, packed bed columns, which are commonly employed in the chemical industry for the extractions (organic/aqueous), can be conveniently adopted for ATPE. The column contactors eliminates the use of centrifuges(normally the phase separation done by gravitation). Spray columns were extensively employed for the extraction of many biomolecules such as horse radish peroxidase bovine serum albumin [19, 20] . Very recently some of the equipment employed for continuous operation of ATPE, starting from the conventional column contactors to specially designed mixer-settler units, and their critical analysis of operational and design parameters that influence the performance were reported [21] . Packed column, perforated rotating disc contactor, graesser raining bucket contactor, york-scheibel column are a few equipments used for continuous extraction of biomolecules employing ATPE [5, [22] [23] [24] [25] [26] [27] [28] [29] .
FUTURE PERSPECTIVES
In recent years, the importance of ATPE for the extraction and primary purification of biomolecules, in particular enzymes/proteins purification has considerably increased. The ATPE is not restricted to the purification of enzymes from microbial sources (fermentation broth) and can handle enzymes also from more complex raw materials like animal tissues and plant cells.
Slow demixing of the equillibrated phases, high cost of polymers and the low selectivity are considered to be the major hindrances for the wider industrial adoption of ATPE. Application of external fields (electric, acoustic, microbial), advanced/modified phase systems greatly helped in addressing these aspects to a large extent. Application of ATPE still has some limitations due to lack of information about the exact mechanism of partitioning. ATPE being source specific, drawing a general protocol for the optimum extraction is quite difficult. Hence, it needs optimisation and fine tuning of the protocol for each biomolecule from a given source in order to acheive the desired level of purity. Detailed studies of mass transfer and drop dynamics aspects employing various ATPSs as well as real systems are needed. Even if some of these are taken by researchers at large the purpose of this the article is to fulfill the recognized industrial and scientific potential of ATPE.
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